BACKGROUND: Patients undergoing myeloablative allogeneic haematopoietic stem cell transplantation (HSCT) have a higher incidence of acute kidney injury (AKI). RIFLE is a newly developed classification for AKI that includes three grades of severity -AKI-R, AKI-I, AKI-F. OBJECTIVE: The purpose of this study was to analyse retrospectively major risk factors for AKI at the time of myeloablative allo-HSCT and to use the RIFLE criteria to predict mortality in myeloablative allo-HSCT. METHODS: Renal function was evaluated in 143 patients with allo-HSCT by RIFLE criteria in order to assess the incidence, risk factors and mortality rate of various degrees of AKI. RESULTS: The results of this study showed that patients with hepatic veno-occlusive disease (HVOD) have a higher incidence of AKI-F than those without HVOD (P = 0.002). The incidence of AKI-I and AKI-F in patients with grade III-IV acute graft-versus-host disease (aGVHD) and increased total bilirubin was significantly higher than in those without (P = 0.001, P <0.001). HVOD was an independent risk factor of AKI-F (OR 5.058, 95% CI 1.317-19.424, P = 0.018), and increased total bilirubin was an independent risk factor for AKI-F (OR 5.126, 95% CI 1.403-18.998, P = 0.014). Worsening RIFLE category was associated with increased mortality of the patients in the 100 days post-transplant (P = 0.003). In addition, 180-day survival of patients in different AKI classes was significantly different (P = 0.0095). CONCLUSION: AKI is common in patients with myeloablative allo-HSCT and is associated with increased risk of death. The RIFLE criteria appear to be an important tool for stratification of these patients on the basis of death risk.
Introduction
Myeloablative allogeneic hematopoietic stem cell transplantation (HSCT) is an effective treatment for haematological malignancies and refractory non-malignant blood diseases. However, several complications after transplantation, including graft versus host disease (GVHD), infections, interstitial pneumonitis and hepatic veno-occlusive disease (HVOD), influence the success of allo-HSCT. Acute kidney injury (AKI) is an important complication after allo-HSCT. Epidemiological studies have previously described the incidence and clinical outcomes associated with AKI after allo-HSCT. Compared to patients without AKI, patients with AKI have a 3 times higher mortality rate. Mortality rates in patients who need dialysis may increase to 80% and above [1] . The causes of AKI after transplantation are still unclear, but many side effects of medicine, including total body irradiation (TBI), infections and nephrotoxicity may contribute to AKI after allo-HSCT [2] . However, inferences from these investigations are often limited due to variation in the definitions used to classify AKI. Lack of a consensus definition is a major problem in AKI research. To address this issue, the Second International Conference of the Acute Dialysis Quality Initiative (ADQI) Group developed a consensus definition for AKI (the RIFLE criteria) based on changes in the patients' creatinine and/or urine output [3] . RIFLE criteria have since been evaluated in several studies and it has been shown that AKI is associated with a significantly higher mortality rate [4] [5] [6] . In order to develop prevention strategies, a better understanding of the causes of AKI after myeloablative allo-HSCT is needed. The purpose of this study was to analyse retrospectively major risk factors for AKI at the time of myeloablative allo-HSCT and evaluate the capacity of the RIFLF criteria to predict mortality in myeloablative allo-HSCT.
Materials and methods

Patient selection
The clinical data were analysed retrospectively in 143 adult patients with haematological malignancies who received myeloablative allo-HSCT at the transplant centre of Blood Diseases Hospital, CAMS and PUMC between January 2003 and January 2008. All patients received haematopoietic stem cells from HLA-matched related donors. The clinical data of patients gathered include age, gender, baseline serum creatinine, medical history of chronic kidney disease (CKD), primary diagnosis, vasopressor use, liver function, and a need for mechanical ventilation or renal replacement therapy. Patients with CKD previous to myeloablative allo-HSCT were excluded from the analysis. CKD is defined as the presence of proteinuria or a decreased glomerular filtration rate for three or more months [7] . This study was approved by the Research Ethics Committee of the Institution. Patients were classified according to RIFLE criteria.
Conditioning regimens and GVHD prophylaxis
All patients received myeloablative conditioning regimens according to their underlying haematological malignancies and disease status. 35 patients received conditioning regimens including total body irradiation (TBI). All patients received cyclosporine A (CSA) and short-term methotrexate for GVHD prophylaxis. CSA was started as a continuous intravenous infusion at day -1 until oral CSA could be tolerated. The dose of CSA was adjusted according to the serum bilirubin or creatinine concentration to maintain the blood concentration of 200～400 ng/mL. Methotrexate was administered by intravenous infusion on days +1, +3, and +6.
Identification of AKI
The severity of AKI was classified according to the RIFLE criteria. Using the RIFLE criteria (acronym indicating Risk of renal dysfunction; Injury to the kidney; Failure of kidney function; Loss of kidney function and End-stage kidney disease), AKI was classified into three categories based on severity (Risk, Injury and Failure) and two categories based on clinical outcome (Loss and End-stage kidney disease). The outcome RIFLE categories Loss and End-stage kidney disease were not evaluated in this study. The criteria for classification of AKI-R, AKI-I, and AKI-F are as follows: AKI-R was considered if there was an increase in serum creatinine to more than 1.5-fold of baseline value, or a urinary output lower than 0.5 mL/kg/h for 6h. AKI-I was considered if there was an increase in serum creatinine to more than 2-fold of baseline value or urinary output lower than 0.5 mL/kg/h for 12h. AKI-F was considered if there was an increase in serum creatinine to more than 3-fold baseline value or urinary output lower than 0.3 mL/kg/h for 24h. Because other confounding factors may influence urine output, in the present study patients were assigned to RIFLE categories according to serum creatinine only. The serum creatinine levels used in AKI classification were the peak value during the first 100 days after transplantation.
Monitoring
Blood parameters were measured every two or three days. If an abnormal parameter was present it would be monitored every day until normal. The baseline serum creatinine was defined as the mean value in serum creatinine level during the two-week period prior to myeloablative allo-HSCT.
Because the high bleeding risk in the early transplant phase precludes percutaneous liver biopsy, clinical criteria for the diagnosis of HVOD were proposed in 1984 and applied to clinical diagnosis now [8] . Clinical diagnosis of HVOD was established according to clinical criteria when two of the following events occurred within 20 days after transplantation: hyperbilirubinaemia, hepatomegaly, right upper quadrant pain of liver origin, and sudden unexplained weight gain (>2% of baseline body weight) due to fluid accumulation.
The mean values of total serum bilirubin level and cyclosporine blood level during the two weeks' period prior to the development of AKI were evaluated as predictors of increased total bilirubin and cyclosporine. 40 μmol/L was considered a limitation of increased total bilirubin. In the present study sepsis diagnosis is based on temperature >38°C or <36°C, white blood cell count >10 000/ mm 3 or <4000/mm 3 , and positive blood culture for bacteria. Liver toxicity was defined as increased levels of alanine aminotransferase (ALT) >80 u/L or aspartate aminotransferase (AST) >80 u/L. Lung toxicity diagnosis was based on respiratory rate >20 breaths per minute and PaO 2 <60 mm Hg. Patients were monitored during the first 100 days after transplantation for complications including sepsis, cytomegalovirus (CMV) infection, organ toxicity, increased total bilirubin, HVOD, and aGVHD. Survival of patients at day 100 and day 180 after all-HSCT was also recorded.
Statistical analysis
Continuous variables were expressed as mean ± standard deviation (SD) and compared by the F test. The categorical variables were expressed as percentages and compared by the Chi-square test or Fisher's exact test. Multivariate Cox regression analysis was used to examine the relative contributions of parameters on the outcome of AKI and to calculate odds ratios. The Kaplan-Meier method was used to calculate time to death for various classes of AKI. The survival curves were compared using the log-rank test. All p-values were two-tailed, and a value of ≤0.05 was considered statistically significant. SPSS version 10.0 statistical software was used to perform the analysis.
Results
Patient characteristics
The median age of all patients at transplantation was 36 years with a range of 16-54 years. The baseline characteristics of the 143 patients are shown in table 1.
Acute kidney injury stratified by the RIFLE criteria
Of 143 patients, 70 (48.9%) developed AKI according to the RIFLE criteria during the first 100 days after transplantation. The median time to development of AKI was day +33 (range day +1 to +96). 40 patients (28%) were categorised as AKI-R. 18 patients (12.6%) were categorised as AKI-I, and 12 (8.4%) as AKI-F. No patients with AKI-F needed dialysis. The incidence of AKI defined by RIFLE categories is shown in table 2.
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Risk factors for AKI There were no statistical differences in age, gender, baseline serum creatinine, TBI, or primary disease among the various classes of AKI (table 2) . Univariate analysis demonstrated that the major factors associated with AKI were HVOD, grade III-IV aGVHD, and increased total bilirubin. Ten of all patients presented HVOD. The incidence of AKI-F in patients with HVOD was significantly higher than in patients without HVOD (p = 0.002). Eleven of all patients developed grade III-IV aGVHD. The incidence of AKI-I and AKI-F in patients with grade III-IV aGVHD was significantly higher than in patients without III-IV aGVHD (P = 0.001). The incidence of AKI-I and AKI-F in sixteen patients with increased total bilirubin was significantly higher than in patients without increased total bilirubin (P
Figure 1
Worsening RIFLE category was associated with the increased mortality of patients in the 100 days post-transplant period.
<0.001). The characteristics of all patients after allo-HSCT are listed in table 3. Amphotericin B, sepsis, CMV infection, CSA levels, liver toxicity and lung toxicity were not associated with a significantly increased risk of developing AKI. Moreover, in the present study CSA levels >300 ng/mL were assigned as a factor in order to analyse the relationship between CSA levels >300 ng/mL and AKI. The results showed no difference in CSA levels >300 ng/mL in patients with AKI. In the present study no patient received aminoglycosides or vancomycin. Multivariate analysis showed that HVOD is an independent risk factor for AKI-F (OR 5.058, 95% CI 1.317-19.424, p = 0.018), and increased total bilirubin is an independent risk factor for AKI-F (OR 5.126, 95% CI 1.403-18.998, P = 0.014). The p-value (0.065) for grade III-IV aGVHD was marginally above 0.05 (table 4) .
Patient survival analysis
With the deterioration of renal function, 100-day mortality in patients after allo-HSCT increased significantly (P <0.001, fig. 1 ). 180-day survival rates of AKI-R, AKI-I and AKI-F patients after transplant were 77.5%, 66.7%, and 41.7% respectively, and differed significantly among groups (p = 0.0095) (table 5) . Further multivariate regression analysis showed that AKI is an independent risk factor for mortality (RR = 6.984, 95%CI 1.227-39.762, p = 0.029) and is associated with a significantly higher risk of death than normal renal function (table 6). Discussion AKI occurs with significantly higher frequency after myeloablative allo-HSCT. In the present study renal dysfunction is a common and potentially life-threatening complication after myeloablative allo-HSCT. Several studies reported that the incidence of AKI ranged from 26% to 73% in cohorts of patients receiving myeloablative allo-HSCT [9] [10] [11] [12] [13] . RIFLE criteria are a newly developed consensus definition for AKI and have the advantage of early and accurate diagnosis for the stage of renal dysfunction [3] . The present study stratified patients based on the RIFLE criteria to identify the relationship between risk factors and various degrees of AKI and between AKI and survival. Using the RIFLE criteria, this study showed that 48.9% of allo-HSCT patients have various degrees of AKI, including 40 patients (28%) in AKI-R, 18 (12.6%) in AKI-I and 12 (8.4%) in AKI-F. The median time for the development of AKI after allo-HSCT was 33 days. Factors associated with kidney injury during the first month after allo-HSCT can cause an increased incidence of AKI. Gruss et al. [9] also showed that the first month after HSCT was a critical period for the occurrence of renal dysfunction. Therefore the application of any potential therapeutic agent to prevent kidney injury should last four to five weeks after allo-HSCT. Close monitoring of renal function and elimination of risk factors is beneficial in preventing kidney injury and decreasing the incidence of AKI. Further analysis showed that the major factors associated with AKI-I and AKI-F after myeloablative allo-HSCT were HVOD, grade III-IV aGVHD and increased total bilirubin. Previous studies have identified HVOD as a risk factor for the development of AKI [9] [10] [11] [12] 14] . The signs and symptom of HVOD precede the development of renal dysfunction. It has been assumed that portal hypertension resulting from hepatic sinusoidal injury leads to both decreased renal perfusion and tubular injury, the decreased renal perfusion probably being more significant at the beginning of AKI. This study showed that the presence of HVOD and increased total bilirubin was associated with increased risk of AKI-F. Patients with HVOD or increased total bilirubin had an approximately 5 times higher association with AKI-F. In the present study increased total bilirubin is an independent manifestation and the patients with increased total bilirubin have no HVOD. HVOD and increased total bilirubin were therefore considered to be independent risk factors for AKI-F after allo-HSCT. Patients with HVOD or increased total bilirubin were prone to develop more severe AKI-F rather than AKI-I and AKI-R. The present study also showed that the incidence of AKI-I and AKI-F in patients with grade III-IV aGVHD was significantly higher than in those without grade III-IV aGVHD. Some research has demonstrated that renal dysfunction was more common in myeloablative allo-HSCT than autologous HSCT, and the difference may be due to GVHD [15] . GVHD may affect renal function through cytokine and immune-related injury [16] . Support for this theory arises from research on mice models which showed severe infiltration of cytotoxic T-cells in their kidneys during GVHD [17] . The nephrotoxicity of CSA is well known. It is not surprising to find a close relationship between increased blood CSA level and AKI [15, [18] [19] . The present study found that the blood CSA level of patients with AKI-I was slightly higher than that of patients with other AKI classes, but the difference was not statistically significant. This study failed to show a significant association between blood CSA concentration and various degrees of AKI, which may be due to the strict surveillance of blood CSA concentration and active dosage adjustment.
In the present study different risk factors contributed to different categories of AKI. It reported an association between TBI, CMV infection, sepsis, drug, HVOD and aGVHD and the incidence of AKI [10-11, 13, 15, 20] . However, this study failed to find a relationship between the incidence of AKI and baseline creatinine, TBI, receiving amphotericin B, sepsis, cyclosporine levels, liver toxicity, or lung toxicity. Previous studies have reported that renal dysfunction after allo-HSCT contributes to patients' mortality [9-10, 14, 20-23] . The present study showed that patients who had AKI after allo-HSCT had a significantly higher mortality at day 100 as compared to those without AKI. Moreover, according to RIFLE criteria the mortality rates of patients with various degrees of AKI rise as renal dysfunction becomes more severe [24] . The survival curve of three categories of AKI demonstrated that 180-day survival of patients with various categories of AKI decreased gradually as the severity of the AKI category increases, and there was a significant difference in 180-day survival of patients among the three AKI categories. Although AKI is a reversible process, many of these patients die before renal recovery. Some studies argued that patients who developed AKI were at an additional increased risk of death in some way related to renal failure itself [21] . The present study showed that AKI was an independent prognostic factor for mortality after allo-HSCT, and patients with AKI had 6.984 times higher mortality. AKI was not a marker of severe HVOD or aGVHD. HVOD and aGVHD are associated with mortality and AKI worsens the prognosis in patients with HVOD or GVHD. Hence therapies preventing and treating AKI may substantially improve patients' prognosis after allo-HSCT. Accurately categorising renal dysfunction of patients after allo-HSCT using RIFLE criteria is of high significance. The RIFLE criteria appear to be sensitive to early changes in kidney function after allo-HSCT and can classify AKI into several categories based on severity. Early diagnosis of AKI-R, taking adequate prophylactic measures, and controlling HVOD, increased total bilirubin and aGVHD may prevent occurrence and development of AKI from AKI-R to AKI-I or even AKI-F. Those effective measures may improve the survival of patients after allo-HSCT and decrease the mortality rate of patients after allo-HSCT. In addition, the RIFLE criteria allow monitoring of the progression of AKI and appear to be a robust means of discriminating clinically relevant outcomes after allo-HSCT. The present study shows a significant increase in mortality during the first 100 days after allo-HSCT, with increasing severity of AKI by RIFLE category. Moreover, this study demonstrated that 6-month survival rates of each AKI category decreased with the increase in AKI severity. Several studies have revealed that AKI during the first 100 days post-transplant was associated with development of CKD [26] [27] , and a decreasing incidence of AKI after allo-HSCT may reduce the morbidity of CKD following myeloablative allo-HSCT. Thus, measures to lower the frequency and severity of AKI in patients with myeloablative allo-HSCT should be taken in order to lower morbidity and mortality in these patients. Strategies to reduce AKI following allo-HSCT may have a tremendously beneficial and profound impact on this population. There are some limitations in the present study. First, a relatively small cohort of patients from the transplant centre of Blood Diseases Hospital in China was included in this retrospective study. Second, due to other confounding factors that may influence urine output, such as diuretic therapy, patients were assigned to RIFLE categories according to serum creatinine only. Third, the peak value of the serum creatinine levels during the first 100 days after transplant was used to classify AKI. Dynamic changes in serum creatinine were not analysed.
Conclusion
The RIFLE classification was used to diagnose renal dysfunction of myeloablative allo-HSCT. This study demonstrated that AKI is a very common complication after allo-HSCT. HVOD, increased total bilirubin, and grade III-IV aGVHD were identified as risk factors for AKI categories. AKI was an independent prognostic factor for mortality after allo-HSCT. The 100-day mortality rate of patients after allo-HSCT increased with the increase in severity of AKI categories, and 180-day survival decreased gradually as renal dysfunction became more severe. Preventing progression from AKI-R to AKI-I or even AKI-F would significantly improve patients' prognosis after allo-HSCT. The RIFLE criteria appear to be an important tool to stratify these patients according to risk of death.
